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Preface 
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information and presented in a brief and logical way so you will 
be able to understand it in a relaxed and enjoyable manner. 


Prof Yu Huang 
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Abstract 


3 The presentation is to introduce a photoconductive (PC) 
antenna, how it works, what the main parameters and 
challenges are, how to design a PC antenna and improve 
its performance, and also to report the latest development. 


o It will show that the major challenge is about how to 
increase the THz power and the laser (optical) to THz 
conversion efficiency. 


3 Some detailed examples are given to explain how a THz PC 
antenna could be designed and developed and some latest 
designs are presented. 


PA d UNIVERSITY OF 


g LIVERPOOL 3 


Keywords 


THz antennas, photoconductive antennas, THz radiated 
power, Optical-to-THz conversion efficiency, THz detection, 
THz emission, THz photomixer. 


LA UNIVERSITY OF 


LIVERPOOL 4 


Contents 


1. 


Introduction to THz photoconductive antennas 
i. Why THz photoconductive (PC) antenna? 

2. What is a PC antenna? 

3. How does it work? 

4. Any problems? 

The study of photoconductive antennas 

1. The optical to THz wave conversion efficiency 

2. How to achieve high power and efficiency? 

3. Examples 


4. Some latest developments 


Conclusions 


rad UNIVERSITY OF 


& LIVERPOOL 5 


1. Introduction to THz Photoconductive Antennas 
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Let's understand THz first, ^. un um um um um À 
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o Characteristics: 
- Non-ionising 
. Better resolution compared to Microwave 
- Better penetration depth compared to Infrared 
o App ications: 
Medical imaging and Pharmaceutical industry 
Security screening 
Spectroscopy 
Communications 
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A major problem is the THz power generation 


Nae 
3 Typically there are two ways to generate THz signals: 
u from RF/MW devices (vacuum and solid devices) and 
o from laser and photonic devices. 
o From Fig. 1 below we can see that compact THz sources exhibit 
low powers. 


o In nearly every case, as the frequency rises into the terahertz range, 
the source's output power plummets. 

o The Pf = constant line is the power-frequency slope you would expect 
to see in a more mature RF device, while the PÀ - constant line is the 
expected slope for some commercial lasers. 


o Why low power? The main cause is the low energy conversion 
efficiency (less than 1%) - we will discuss this further later. 
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Why THz photoconductive (PC) antennas? 


E 
They are popular for the following main reasons: 


- They can operate in room temperature without cryogenic 
cooling unlike quantum cascade lasers; 


- They are small in size unlike backward wave oscillators; 


- They can operate at higher THz frequencies unlike THz 
vacuum and solid state devices; 


- They do not require high power laser sources unlike 
nonlinear crystals; 


- They can produce short pulses with high peak powers 
although the average powers are low; 


- They are tunable and economical overall. 
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What is a THz PC antenna? 


o A typical THz PC Antenna is given below, and has 3 elements 
which is more complicated than an RF/MW antenna. 


Laser beams =———~ 
1. Bias voltage 


photoconductive gap 2. Electrodes/antenna 





3. Photoconductive 
substrate, typically low- 
temperature grown GaAs 


Generated THz 
waves to air 
o The main feature is that the THz wave can only be generated 
via a laser source illuminated on the antenna gap. 
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How does it work? 


co When a laser beam (which has the energy larger than the 
bandgap energy of PC material) is illuminated on the PC gap 
(or feeding spot) of the PC antenna, electrons and holes are 
generated in the PC substrate; 


3 Due to the bias voltage, photo-induced currents are formed 
by these electrons and holes; 


3 This time varying currents radiate THz waves. 
O hole(+) 


o |eleciron(-) 
laser beam 


A 
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There are two types: pulsed and CW 













= 
> Apulsedsystem: — Side view of a PC antenna 
broadband and one 
pulse laser required Bias voltage Je 


Ultra-short laser pulse (« 100 fs) THz pulsed wave 


Aopt ~ 800 nm or 1550 nm 


Radiated THz wave, 
typically 
30 um « ATHz «3 mm 
Laser spot 


> A CW system: excitation 
narrow band and control APAAN 
two lasers at 
different frequencies THz CW wave with the 
Continuous wave(CW) lasers | frequency of 05-0 
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A typical THz time-domain spectroscopy system 


Laser source 


Ti-Sapphire 
laser 
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Some early PC antennas 








The study of PC antennas started in 1980s. The design of the 
antenna was based on try and error, there was no theory to 
guide the design. 
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Since the THz power generated was very small and the 
bandwidth was narrow, thus different electrodes /antennas 
were developed. Some examples are given below, but these 
PC antennas are different from the conventional RF/MW 
antennas and do not work in the same way. A summary of the 
comparison between them is presented in the next slide. 


d. 
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To increase impedance [4] p” 
To broaden the BW [5] = 
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Comparison of THz PC antennas and RF/MW antennas 


THz PC antennas RF/MW antennas 


Excitation source Laser pulses Transmission line 
/feeding 


Substrate material High resistive semicond. Low loss dielectric 
PC material materials 
Antenna electrode AuGe and Ti/Au Highly conductive metals 
material on LT GaAs substrate like copper 


Fabrication Complex and expensive Relatively easy and 
cheap 


Computer aided design Not available in one Available 
package 


* Some RF/MW antennas 
like the ones based upon 


RF-MEMS switches and TWO problems have been identified below: 
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Problem 1 - low power 


( uW) 


Average THz power 





THz antennas in a pulsed system THz antennas in a CW system 
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o [6] E 
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o + + [J |i = t mE Q12THz | © 
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> 
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10° > 
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4 < e 
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From all these examples we can see the output power of THz PC 
antennas is still very low. This is the bottleneck for wide uptake 


of THz technology. É LIVERPOOL 17 


[13] 
[14] 
[15] 
[16] 
[17] 
[18] 
[19] 
[20] 


Problem 2 - low efficiency 





Dipole (length 30 um, 15 0.34 2.2 x10 
width 20 um )[6| z 

Dipole (length 20 um, 15 0.12 8 x10 
width 10 um )[6| 

Dipole (length 10 um, 15 0.07 4.6 x10" 
width 20 um ) [6] 

Bowtie (bow angle 90 15 2 0.013 

deg) [6] : 
Bowtie antenna (@ 0.5 10 0.005 5x10 
THz)[13] 


Why the THz antenna is so inefficient? 
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2. The Study of THz PC Antennas 


E 


There have been a lot of studies into THz PC antennas 
since 1980s, so far the IEEE Xplore digital lib has over 450 
papers in “photoconductive antennas” and over 2000 
papers in “THz antennas. 


Over half of them were published over the past 5 years 
(2010 to 2015)! 


Nona-fabrication has made it possible to realise a wide 
range of THz antennas. 


People have studied the subject from almost every aspect 
you many think of, and some progress has been made; but 
this is still a subject in its infancy. 
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2.1 The optical to THz conversion efficiency 


o Let's focus on the main problem: optical to THz wave 
conversion efficiency. The entire process from optical (laser) 
power to THz wave generation can be divided into three parts: 


1. Generation of THz photocurrent from the optical power in the 
PC material. The related efficiency; Le. optical-to-electrical 
efficiency, n,,, can be defined as the ratio of the generated THz 
power in the PC gap to the optical power; 


2. The amount of coupled THz power from the PC gap to the 
antenna electrodes; ie. matching efficiency, n, 


3. The amount of coupled THz wave from the antenna to the free 
space; i.e. radiation efficiency, n.. 
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The three efficiencies can be calculated: 


THz Pulsed antenna [21] THz CW photomixer 
antenna 

















optical-to-electrical mol a R. C 
efficiency, gg "po ` -p ` 
[2 2] av AV 
7, hfl^ CUT Vias Pi Row, Fa 0 
PE P Tora 272? 
ULP Elis h f l ay T c) 
matching efficiency, 2 2 
mo TECH Sede Rapp] | [Zee [der — Row 
í E Z free | VEr + Rew 
radiation efficiency, Requires analytical Requires analytical 
H. /numerical simulation /numerical simulation 
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because laser induced photo current at the gap: 

eee 2Á]907W 

eV, UTN; P, P, is the power of input laser 

- hf, l 2 | is the gap length 
V, is the applied bias voltage 

é A, is the free carrier mobility of the PC 
material. 
T is the photocurrent decay time 


e is the electron charge (= 1.6602x10'º Col) 
h is Planck’ constant (= 6.626x10°* Js), 





n, is the illumination — 
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The resistance at the gap: 
E ENNMNMMNMZZIHIH—mESS2—n mz 


hcf pl : c is the speed of light 
o neu PA, A, is the laser wavelength 


V f, laser repetition frequency 
b 


This resistance 1s a function of many variables, 
such as the gap length, laser frequency, power , 
repetition frequency and parameters of PC 
material like carrier mobility and illumination 
efficiency . 
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The induced electrical power at the gap: 











EU 
2 
p, = Re DSTI hd 
hf! reu, Pr Ar 
2 2 
5 eV, MT" H PTS E eV, “ot ne Pr fp 
hf, l^ A, hf, 1* 


Laser-to-electrical power conversion efficiency: 
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The total efficiency for PC antenna: 
a 


2 2 
eV, Met TJ f Z,-R 
Nr =NLE Nm Np => das 


La FR 


hf,1º 





This interesting result means that the efficiency is 
proportional to 

* bias voltage square (V,*), 

* photoconductive material properties (1,7), 

* laser repetition frequency (fp), and illumination efficiency 
(Mi), 

but inversely proportional to 

* laser frequency (f,) and 


° the gap length square (F). QJ LIVERPOOL 25 


Material selections 


ae 
o Some important material parameters are shown earlier on 
slides 20 and 23: the carrier mobility and photocurrent 
decay time. Other parameters such as resistivity and 
breakdown voltage are also important. The overall best 
material so far seems to be LT-GaAs : 


Material Carrier lifetime (ps) Mobility Resistivity Breakdown field 


(cm^.V! s!) (Q.cm) (V.cm'!) 


SI-GaAs Several hundred [6] 8500 [23] ~107[24] 4x10? [23] 
LT-GaAs « 1 [25] 200 [6] >107[26] 5 x10? [6] 
LT-InGaAs Larger than LT-GaAs|27|] 26 [28] 760 [28] ~ 6x10* [28] 
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An example 


E Lets assume we have a PC antenna with f, = 50 MHz, P, = 36 
mW, 2, = 600 nm (about 375 THz in frequency and 1.55 eV in 
photon energy), | 2 4 um, and 1, 2 2/3, u, = 1000 cm*/Vs and t 
= 0.5 ps for LT-GaAs. 


the resistance of the PC gap, R = 0.8279 








If the bias voltage is assumed to be 60 V 


laser-to-electrical power conversion efficiency 1], ,, 2 1.936x10* 
— this is very small. 


If the antenna is a half-wave dipole on LT-GaAs substrate with 
impedance Z, — 27 Q, the matching efficiency is ņ,„ = 0.1153. 


[f 7. = 80%, the total antenna efficiency is 1.784x10^, which is 
very small indeed 
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Discussions 


3 Now we see clearly why the efficiency is very low: not 
just because of the impedance matching, but more 
importantly the material, laser and bias voltage! 

3 The analysis here has used approximations such as 
o The gap area is uniformly illuminated by laser 
o The field in the gap area is uniform 

3 Other things to be taken into account including e.g. 
gH Saturation 
o Breakdown voltage at the gap 


o For CW THz system, the impedance mismatch is worse ( R 
is about 70k Q) than pulsed THz system. 
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NEN 10557 
3 The new PC antenna efficiency formula obtained 
clearly shows what and how the parameters and 
variables linked to the efficiency. 
3 Fora PC antenna, the total efficiency is the product of 
laser-to-electrical, impedance matching and radiation 
efficiencies 
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Main 
contributors 


2.2 How to achieve high power and efficiency? 


Aim : High THz power 
and/or 


High optical-to-THz conversion efficiency 








—— 
PC material and the gap Design dei 
(named as photomixer 
and RE ER university 
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Aim : High THz power 
and/or 
High optical-to-THz conversion efficiency 





High photo-carrier density High photo-carrier acceleration 







Large bias 


High optical Short laser. | | High optical 
voltage 


power pulse duration | |power coupling 









Good heat 
sinking 





Delaying 
screening effect | - 
Uniform E-field 

distribution in 


the antenna gap. 




















Gap size of the Antenna gap 







Large break down | 


Laser excitation | Large dark 
spot shape e.g. uns eg voltage of Substrate EEE se resistivity of the 
elliptical arger antenna material ee antenna 





gap sharp tip ends 
CJ 
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Typical design requirements 


- Small capacitance 
- Uniform E-field 
- Strong E-field 


o Photomixer part 


- Large antenna resistance; 

source resistance of THz photomixer antennas 
o Antenna part are very large 

- Directional pattern 


These are just typical requirements to ensure a good energy 
conversion efficiency as we have seen from total efficiency formula. 
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2.3 Examples: 4 photomixer antennas 








(1) Bare gap (2) Interdigitated 
16 um 16 um 


«————————— 
10 um 1088 
9 um y 


(3) Rectangular tip-to-tip 





Zum 4 











16 um 
2 um 4 Z 
0.2 um 
10 um 
2.2 um 





> 
0.2 um 
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Capacitance value comparison 


Bare gap 1.26 
Interdigitated fingers 2.63 
Rectangular tip-to-tip 2.4 

Nano-trapezoidal tip-to-tip 2.28 


The new design has met the design requirement: 
small capacitance Sf 
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Amplitude of E-field in the near field of the 4 antennas 
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E-field on the electrode plane 


il 









x 0.2 um 





= 0.2 um 





The new design has also met 
Strong E-field requirement 


V 


More than 
2 times 
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Antenna source resistance 










Bare gap + Source resistance = 483 kQ 
C G Riot — Rscwl 
Con — Ceci 
Tip-to-tip gap Source resistance = 196 kQ 
Pee Cojec? 
Rew 





Riot? — 





Cio? E NC ioco 


mn 


It is still very large and an antenna with improved AR is required. 
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The new THz antenna with an improved matching 








(1) Nano-trapezoidal 
tip-to-tip Photomixer 








2D view 
(2) Antenna 
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Antenna resistance 


dipole only 


- dipole with photomixer capacitance antenna with top loads | 
dipole with photomixer capacitance and choke filter antenna with top loads and tuning stub 







Resistance (kQ) 
m 
Resistance (kQ) 


0.7 0.8 0.9 1.1 1.2 0.9 0.95 1 


1.05 1.1 
Freguency (THz) Freguency (THz) 


Antenna resistance improves from about 400 2 to 2.6 KQ. 
Therefore, matching efficiency enhances from 0.03% to 5%. 


Design requirement: Large antenna resistance Vg PE UNIVERSITY Of 
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To improve the radiation pattern 














Conical horn 2) A 
THz photomixer ( ) HR 
antenna for improving coupling 
the THz wave to the air 
ITO laver 


L. 


Alternatively, Si hemispherical lens could be used, the drawback is that 
the positioning of the lens could be tricky, also the gain improvement is 
limited 
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The antenna radiation pattern 





dBi 


Z 14.3 
12.5 
18.8 


-17 
-38 
-59 
-F9 


- OO W] mea] 
a 


-3.21 
-6.1 
-9.62 
-12.8 
-16 
Aes 


TAAS 
“AG 


xoz plane 


E ató- 0? 
d «m Without ITO 
—— with ITO 





yoz plane 


O 
E, at ó - 90 s without ITO 
105º 90° 75° — With ITO 
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Summary of the design 


New antenna 
with horn and 


with ITO layer 





Full New antenna 
wavelength without horn 
dipole and without 
ITO layer 
Antenna 400 Q 2.6 KQ 
resistance 
Matching 0.03% 5% 
efficiency 
Directivity (dBi) 3.65 2/2 


Design requirement: high directivity 


5.57 KQ 


10.7 % 


14.3 


/ 
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Fabricated antennas 
d 












» Bare gap 
» Rectangular tip-to-tip 
| >» Trapezoidal tip-to-tip 


Emitter case: For biasing 
Detector case: For 
e signal 


e 





E i 
"mI 
o 
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T 
a 
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wer 


Packaged antenna 


Measurement results 








3 Photomixer part is tested with a known bowtie antenna. 





[31] 
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Measurement results 


THz photomixer as an emitter — 
Antenna (emitter) 
| 
Golay cell 
(detector) THz Fibre coupled CW 
í l laser sources (A) 
800nm 





Lock in N 


amplifier Y bias 0.6 V 








Signal out 
Dark current 
was more than Bare gap 
50 times Rectangular tip-to-tip 1.9 
smaller. Nano-trapezoidal tip-to-tip 2.2 
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Measurement results 





THz power ( uW) 
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Bare gap 
inin] t Rectangular tip-to-tip finger | 
Trapezoidal tip-to-tip finger 





Frequency(THz) 


We can see that the new 
design has produced the 
most power over a wide 
frequency band 


A times 


| 7 times 
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Measurement results 








THz photomixer as a detector 


THz Photomixer 
Antenna (detector) 







Fibre coupled CW 
laser sources (@ 
800nm 






THz array 
Antenna (emitter) 





Lock in 
amplifier 


Signal out 


In this case, the measured noise level 
x x x x x -10 
(when there is no laser illumination) is 0.8 X107" W/rV- 
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Measurement results 


THz photomixer as a detector 





Detector 
80 
We can see again that the 
Em new design has produced 
col the best signal to noise 
ratio (SNR) over a wide 
O 50 frequency band 
O 
E 
75 40 
30 
10 dB 
2 
° 15 dB 
10 | 
0 0.2 0.4 0.6 0.8 1 
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2.4 Some latest developments 


Due to the significant advancement in nano-technology, 
various PC antenna designs have been fabricated. In the 
example below, 3-D electrodes were designed and made, very 
high efficiency (7.596) has been achieved. This can be 
explained using the total efficiency theory discussed earlier 
to explain: the structure has much improved Nig. 


IEEE TRANSACTIONS ON TERAHERIZ SCIENCE AND TECHNOLOGY, YOL. 4, NO. 5, SEPEEMBER 2014 


7.5% Optical-to-Terahertz Conversion Efficiency 


Offered by Photoconductive Emitters With 
Three-Dimensional Plasmonic Contact Electrodes 
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Configuration comparison: 























(a) ic} 
e | 
sio 5 , 
Z8 GN | 5 Conventional 
* nm E 
N o E E 2D 
200nm 100 nm o 3 
l D 
= 
Optical pump g 
8 
LT-GaAs. L 
(b) = (d) 
| H une T E sumo A 
"Kai J 


New 3D 
Much better 
O/E conversion 





800 nm 














| - 4 
Optical absorption (a.u.) 

[^ 5 

Ts 


\ 00 





Pad UNIVERSITY OF 


[32] Ə LIVERPOOL 50 


Results: 
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Much improved efficiency and power were obtained when the pump 
power was low (1.4 mW) but the improvement is less at higher pump 


powers - maybe due to saturation. 
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Numerical simulation of THz PC antennas 


o Due to the complexity of the THz PC antenna, there is no single 
software package which is suitable for the antenna simulation, 
progress has been made in this area by taking the electron and 
hole currents and Maxwell's equation into account (such as the 
paper below) 


à À complete solution to both the optical-to-electrical and the 
antenna radiation in one package is yet to be found 
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A new way to simulate a THz PC antenna? 








3 There have been some efforts on linking the optoelectronic 
analysis and electromagnetic(EM) simulation which is 
very important for optimized designs. The basic steps are: 
G Part 1: Optoelectronic analysis 

m With tools like TCAD Sentaurus 1) THz 


= Employing the Drude-Lorentz model = photocurrent 
can be derived 


2)Fed into the EM 
o Part 2: EM analysis tool 
E With available commercial tool i.e CST 
3)Far field analysis 
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A different angle to view the PC antenna: 


o Some people have considered the PC antenna from the optical 
point of view, a good example is given in the paper below, where 
the conventional RF/MW antenna impedance and matching 
have not been considered. The focus was on maximizing the 
optical to electrical conversion which is a major limiting factor 
on the efficiency of the PC antenna as we have shown earlier. 


3 How to further improve the PC antenna performance is still a 
question to be answered. 
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Conclusions 
eee 


co We have introduced THz PC antennas and identified their 
problems: low power and low efficiency. 


o An approximate formula for the total efficiency of a PC antenna 
has been obtained which clearly shows how the efficiency is 
linked to the parameters of the PC antenna. 


o A new design example has been presented and analysed. The 
results have shown a better performance has been obtained 
when compared with some exist designs. 


3 Some ofthe latest developments have been presented. It has 
shown that significant improvements have been made but still a 
long way to go if we would like to achieve relatively high 
antenna efficiency (say > 50%). 
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